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We study the transmission of information and correlations through quantum fields in cosmological
backgrounds. With this aim, we make use of quantum information tools to quantify the classical
and quantum correlations induced by a quantum massless scalar field in two particle detectors, one
located in the early universe (Alice’s) and the other located at a later time (Bob’s). In particular, we
focus on two phenomena: a) the consequences on the transmission of information of the violations of
the strong Huygens principle for quantum fields, and b) the analysis of the field vacuum correlations
via correlation harvesting from Alice to Bob. We will study a standard cosmological model first and
then assess whether these results also hold if we use other than the general relativistic dynamics. As
a particular example, we will study the transmission of information through the Big Bounce, that
replaces the Big Bang, in the effective dynamics of Loop Quantum Cosmology.
I. INTRODUCTION
The quest for gathering knowledge about the very early
universe and its evolution is one of the most challenging
endeavors in physics. Quantum field theory on curved
spacetime has, in many cases, offered a suitable frame-
work for the exploration of quantum phenomena in cos-
mology. The most prominent example of its application
is our current cosmological paradigm, based on the the-
ory of cosmological perturbations supplemented with in-
flation (see e.g. [1–4]). This framework remarkably suc-
ceeds in explaining the large scale structure of the Uni-
verse. Cosmological perturbations are treated as quan-
tum vacuum fluctuations in the early universe. These
fluctuations turned into classical density anisotropies
that left an imprint in the cosmic microwave background
[5, 6]. They were the seeds giving rise to the galaxies and
other structures that we observe nowadays.
The analysis of quantum vacuum fluctuations is not
limited to the scenario above. Actually, vacuum fluc-
tuations and quantum entanglement are at the core of
a plethora of phenomena such as the Unruh effect [7],
Hawking radiation [8], and the Gibbons-Hawking effect
[9]. In the context of cosmology, the role played by vac-
uum entanglement has been recently reviewed in [10, 11].
Moreover, it is known that vacuum entanglement could
in principle be exploited to detect spacetime curvature
[12], or as a powerful physical resource to encode and
transmit classical and quantum information, as it has
been explored in recent years [13–17]. A natural ques-
tion then arises: could it be possible to make use of these
correlations to gain access to information about early uni-
verse events? If this were the case, they could have left
observable imprints on the fine details of the cosmic mi-
crowave background. And furthermore, how could we
extract this information broadcast through the universe?
The present work aims to deepen our understanding of
these questions, in particular the transmission of infor-
mation from earlier stages of the universe to later epochs,
by further exploiting the analysis of quantum and classi-
cal correlations of quantum fields in the context of cos-
mology. We will first consider the dynamics provided by
the theory of general relativity, which for many matter
contents predicts a Big Bang. Then, as an example to
study transmission of information between two branches
of a bouncing universe, we will adopt the effective dy-
namics derived from Loop Quantum Cosmology (LQC),
that replaces the classical Big Bang singularity with a
Big Bounce [18–21].
More precisely, we will consider spatially flat
Friedmann-Robertson-Walker (FRW) expanding cos-
mologies generated by a perfect fluid, and a test massless
scalar field coupled to the background geometry, that we
will quantize in the adiabatic vacuum. In this context,
observers comoving with the Hubble flow, and probing
the field by locally coupling detectors, will naturally per-
ceive particle production due to the spacetime expansion
[9]. We will introduce a pair of those comoving observers:
Alice, living in an early stage of the universe, and Bob,
living in a latter epoch, each of them will be equipped
with a detector interacting with the field.
Owing to their interaction with the field, Alice’s and
Bob’s detectors not only carry information about the dy-
namics of the universe [22], but also may become entan-
gled, since the vacuum state of the field is entangled.
This swapping of entanglement between the field and the
detectors was first studied in [13, 23], where it was shown
that field entanglement can be extracted by local quan-
tum systems interacting with the field even if they are
spacelike separated. This phenomenon, which also re-
ceives the name of entanglement harvesting [10, 24], has
been proposed as a sustainable resource for quantum in-
formation via the so-called quantum field entanglement
farming protocols [25]. By using quantum information
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2tools, we will quantify the correlations shared by the
early-universe observer Alice and the late-universe ob-
server Bob for the case in which the field is conformally
coupled to the geometry. This analysis will reveal this
correlation-harvesting phenomenon, showing that it is
non-vanishing even when Alice and Bob are not causally
connected.
The presence of correlations in the final state of the
detectors will be an indication not only of vacuum en-
tanglement [13] but also of the exchange of field quanta
[16]. When Alice and Bob are causally connected, Alice’s
detector coupling to the field provokes perturbations in
the vacuum that will eventually reach Bob. These cor-
relations in the states of the detectors suggest the pos-
sibility of establishing a communication channel in cos-
mological timescales. This question is closely connected
with recent results in relativistic quantum communica-
tion [16, 17]. In (four-dimensional) flat spacetime, and
for massless fields, communication can only occur at the
speed of light. However in lower dimensions (and also in
higher odd dimensions), or in the presence of curvature,
signals leak into the timelike area of the light cone. This
phenomenon stems from the violation of the strong Huy-
gens principle [26–29], which in the study of propagation
of classical waves is also known as the ‘tails problem’
(see e.g. [30–34] for references in the context of grav-
ity). In quantum field theory, the violations of the strong
Huygens principle allow for slower-than-light communi-
cation using massless fields, by means of protocols where
information can be communicated without transmitting
energy from Alice to Bob and where the energy cost of
sending a message is spent by the receiver of the message
in the action of reading it out [17]. These violations have
also been studied before in the context of cosmology for
classical fields [35, 36].
In this work, we analyze the consequences of the viola-
tions of the strong Huygens principle in the transmission
of quantum information in cosmology. In [37], we already
presented part of this study. More precisely, we analyzed
the capacity of the communication channel enabled by
the violations of the strong Huygens principle in a cos-
mological model. This analysis was carried out both for
minimal and conformal coupling between the field and
the curvature. We showed that, while for the former
there is no violation of the strong Huygens principle due
to conformal invariance, for the later there is violation
and that this implies that not only lightlike but also that
timelike communication is possible. In the present work,
we present the details of that previous analysis and ex-
tend it in three directions: i) we particularize the study
not only to a matter-dominated universe, as in [37], but
also to a universe generated by a cosmological constant;
ii) we consider arbitrary detector gaps and present the
zero gap case considered in [37] as a particular case; and
iii) we deal not only with the general relativistic dynam-
ics, as in [37], but also with the LQC bouncing dynamics.
Even though the channel capacity turns out to decay with
the temporal separation of the detectors, we will show
that it is possible to compensate this decay by including
additional receivers. Remarkably, for timelike communi-
cation, the channel capacity is independent of the spatial
separation of the detectors. These results open a new
door to an exciting set of resources to have access to in-
formation coming from the early phases of our universe
that have been so far unexplored.
The outline of this article is as follows: Sec. II intro-
duces the basic setting, including the description of the
background geometry, the way we model the detectors-
field interaction, and the computation of the evolved
states of the detectors. Sec. III develops the theoretical
framework needed to estimate the capacity of the com-
munication channel established between Alice and Bob.
Making use of those results, Sec. IV is devoted to the
study of the transmission of information between Alice
and Bob, and the violations of the strong Huygens prin-
ciple, in the standard cosmological model. We will see in
Sec. V that the observed phenomenology is also present
in the case of the effective LQC dynamics. In Sec. VI we
will analyze the correlations harvesting phenomenon, by
computing the mutual information. Finally, Sec. VII will
be devoted to the conclusions. Natural units ~ = c = 1
are used throughout.
II. DYNAMICAL FRAMEWORK
A. Background geometry and test field
For the spacetime geometry we choose the simplest
nontrivial cosmology, namely an open and spatially flat
FRW spacetime. The corresponding metric is confor-
mally flat,
ds2 = a(η)2(−dη2 + dr2 + r2dΩ2), (1)
where a is the scale factor. Here η is the conformal time,
r a radial coordinate, and dΩ2 the metric in the unit 2-
sphere. The coordinates of comoving observers are given
by t, r, and the solid angle Ω. The comoving time t is
related to the conformal time via dt/dη = a. We consider
that this geometry is generated by a perfect fluid with a
constant pressure-to-density ratio, p/ρ = w ≥ −1.
The general relativistic equations of motion for the
scale factor and the energy density (the Friedmann and
the continuity equations) are given by(
1
a
da
dt
)2
=
8piG
3
ρ, ρ ∝ a−3(w+1). (2)
For w > −1, expanding solutions evolve as
a ∝ t 23w+3 ∝ η 23w+1 , (3)
with t, η ∈ [0,∞). For w = −1, the universe is generated
by a cosmological constant Λ, with |Λ| = 8piGρ/3. In
this case expanding solutions evolve as
a ∝ e
√
|Λ|t ∝ − 1√|Λ|η , (4)
3with t ∈ (−∞,∞) and η ∈ (−∞, 0).
According to general relativity, a universe dominated
by a perfect fluid with w > −1 arose from a Big Bang sin-
gularity, as the matter energy density ρ, or equivalently
the curvature R, diverges at initial time t = 0. How-
ever, we do not have reasons to trust general relativity in
regimes where the energy densities become Planckian, as
in those regimes quantum effects of the geometry might
become important. Indeed, the dynamics predicted by
general relativity changes drastically if we allow for mod-
ifications of quantum geometric nature. That is for in-
stance the case if we consider LQC [19–21].
LQC is a background-independent quantization for
cosmological spacetimes that adopts a so-called poly-
meric representation for the geometric degrees of free-
dom. This quantum representation renders the micro-
scopic structure of the geometry discrete. As a conse-
quence, for classical models displaying a Big Bang, the
quantum evolution replaces the singularity by a quan-
tum bounce, where physical observables do not diverge.
For semiclassical states, the Planck regime serves as a
bridge between two large classical universes: a contract-
ing cosmological phase and an expanding one become
deterministically connected via a Big Bounce [18].
This bounce scenario opens the possibility of analyz-
ing the transmission of information from the contracting
branch of the universe to the expanding one. It is then an
interesting scenario for the communication protocols ex-
plored in [17, 37] and we will analyze it in this paper. For
this we also need to introduce the spacetime dynamics in
the LQC scenario.
In the loop quantization, the observable representing
the scale factor, when computed on appropriate semiclas-
sical states, displays expectation values along a smooth
trajectory and negligible relative fluctuations. It is there-
fore possible to derive an effective dynamics for these
states [18, 38], which leads to the following modified
Friedmann equation:(
a˙
a
)2
=
8piG
3
ρ
(
1− ρ
ρ?
)
. (5)
Here, ρ? = 6piG/l
6 is the critical energy density (maxi-
mum eigenvalue of the density operator in the loop quan-
tization [39]); l3 is a parameter of the quantization that
gives essentially the quanta of volume (in LQC the vol-
ume has a discrete spectrum equally spaced by 2l3 units)
and depends on other fundamental parameters of loop
quantum gravity [20, 21]). This dynamics departs from
that of general relativity when ρ reaches the critical den-
sity ρ?, turning the classical Big Bang into a Big Bounce.
General relativity is recovered in the limit ρ? → ∞, or
equivalently l→ 0.
The continuity equation for the energy density ρ does
not change, and therefore the solution to (5) for w > −1
is
a(t) =
{
6piGβ [(w + 1)t]
2
+
β
ρ?
} 1
3(w+1)
, (6)
where β = ρa3(w+1) is constant. In turn, the explicit
relation between conformal and comoving times becomes
η(t) = C 2F1
[
1
3(w + 1)
,
1
2
;
3
2
;−6piGρ? [(w + 1)t]2
]
t,
(7)
where 2F1 is an ordinary hypergeometric function and
we have defined the constant C = (ρ?/β)
1
3(w+1) . Note
that, unlike in the classical case where we have either
the expanding solution of Eq. (3) with t ∈ [0,∞), or its
time reversal with t ∈ (−∞, 0], now t ∈ (−∞,∞) and a
bounce deterministically joins these two branches of the
universe. At the bounce point, t = 0, the scale factor
does not vanish and there is no singularity. Notice that
for the cosmological constant case, the general relativis-
tic dynamics and the LQC effective dynamics completely
agree, as this case does not develop a classical curvature
singularity. This equivalence makes redundant the anal-
ysis of the case w = −1 in the study of the LQC effective
dynamics.
In these spacetime backgrounds (for any w ≥ −1) we
will introduce a test massless scalar field φ quantized in
the adiabatic vacuum [40]. As it has been shown in [41–
43], for conformally flat compact spacetimes there ex-
ist natural criteria that select a unique equivalence class
of vacua, which includes the adiabatic vacuum. These
criteria are invariance of the vacuum under the spatial
isometries and unitarity of the vacuum dynamics. Ex-
trapolating these results to our setting we select as the
initial field state the adiabatic vacuum. This is also con-
venient because the adiabatic vacuum is the initial field
state for which the creation of particles due to the expan-
sion of the spacetime is finite and the smallest possible.
Notice, however, that as discussed in [17, 37, 44] and as
we will show explicitly later, the results of sections III,
IV and V are independent of the initial state of the field.
The results of section VI depend on the initial state but
would only change quantitatively and not qualitatively if
the initial state of the field is altered.
The equation of motion for the test field φ is
(2− ξR)φ = 0, (8)
where ξ is the coupling of the field to the Ricci scalar
R = 6
a3
d2a
dη2
, (9)
and the d’Alembertian operator acquires the form
2 = − 1
a4
d
dη
(
a2
d
dη
)
+
1
a2
∇2, (10)
being ∇2 the Laplacian in R3.
Note that since the field is prepared in the adiabatic
vacuum, the expectation value of its stress-energy tensor,
and in particular the energy density 〈Ttt〉, can be consid-
ered very small as compared with the energy density of
4the fluid that generates the curvature, namely ρ 〈Ttt〉.
Therefore we neglect the backreaction of the field on the
gravitational background.
As anticipated in the Introduction, when analyzing the
signaling and the violations of the strong Huygens princi-
ple in Sec. III, we will consider minimal coupling (ξ = 0)
and conformal coupling (ξ = 1/6 for the 4-dimensional
case) of the massless field to the Ricci curvature. How-
ever, for the analysis of correlations of Sec. VI, we will
only consider conformal coupling. The reason is that, as
we will discuss below, the conformal coupling scenario
is devoid of violations of the strong Huygens principle,
and thus the contributions to the detector correlations
harvested from the field will not be masked by timelike
signaling, allowing us to identify vacuum correlation har-
vesting (classical and quantum, but not necessarily en-
tanglement [45]) in a cleaner way.
B. Detectors-field interaction
In a homogeneous and isotropic universe, as the one
that we are considering, there exists a family of privileged
observers, called comoving observers, who perceive an
isotropic space-time evolution because they move along
the Hubble flow. The proper time of comoving observers
does not coincide with the conformal time. Let us recall
that the conformal time is the natural parameter asso-
ciated with the conformal timelike Killing vector of this
geometry, hence it is used to define the adiabatic vac-
uum. Since conformal time is not proper to comoving
observers, a comoving observer will detect particles even
if the usual particle creation associated with curvature is
tamed by conformal invariance, as it is the case for the
conformal vacuum in the conformal coupling case [10].
This phenomenon is the well-known Gibbons-Hawking
effect [9]. So in this sense, the spacetime expansion or
contraction leads to a particle production as seen by ob-
servers comoving with the Hubble flow.
We now introduce a couple of observers Alice and Bob.
Alice lives in the very early-universe while Bob lives at a
later time in the expanding classical universe. We con-
sider Alice and Bob to be comoving observers in the adi-
abatic vacuum, and thus both of them will naturally de-
tect particles. They do not have direct access to the field,
but they can perform measurements on it indirectly by
locally coupling ‘particle detectors’ to the field.
We will model these particle detectors by a pair
of two-level quantum systems (qubits). The subindex
ν = {A,B} will be used to denote either Alice’s or Bob’s
detector. Let us define the interaction-picture monopole
moment of the detector ν as
µν(t) = σ
+
ν e
iΩνt + σ−ν e
−iΩνt, (11)
where we have used the following standard notation:
σ+ν = |eν〉〈gν | and σ−ν = |gν〉〈eν |, for the SU(2) ladder
operators, |gν〉 and |eν〉 are the detector’s ground and
excited states, and Ων is its energy gap. Moreover, we
will consider that these detectors are spatially smeared
with a spherical Gaussian distribution
F (x, t) =
1
σ3
√
pi3
e−
a(t)2
σ2
x2 . (12)
Here σ characterizes the physical size of the detectors.
The smearing is specifically introduced to regularize the
UV divergences that can appear in the case of point like
detectors [46], apart from the obvious fact that any real-
istic particle detector has a finite size.
The interaction between the field and the particle de-
tectors will be described by the Unruh-DeWitt model
[47]. Although simple, this interaction model, widely
used in the literature, already displays all the fundamen-
tal features of the light-matter interaction when there is
no exchange of orbital angular momentum [46, 48]. The
Unruh-DeWitt interaction Hamiltonian (in the interac-
tion picture) for each detector is given by
HI,ν = λνχν(t)µν(t)
∫
d3x a(t)3F [x−xν(t), t]φ[x, η(t)].
(13)
Here t is the proper time of both detectors, considered to
be comoving; the spatial smearing F [x− xν(t), t] is cen-
tered at xν(t), the detector’s trajectory, which for the
comoving case becomes xν = const; 0 ≤ χν(t) ≤ 1 is
the detector’s switching function; and λν is the coupling
strength. The field operator φ is evaluated along the
detector’s worldline integrated over the whole spatial ex-
tension of the detector.
We can expand the field operator in terms of positive
and negative frequency solutions of Eq. (8), uk and u
∗
k,
φ(x, t) =
∫
d3k[akuk(x, η(t)) + a
†
ku
∗
k(x, η(t))], (14)
with ak and ak
† the usual annihilation and creation op-
erators satisfying the commutation relations: [ak, ak′
†] =
δ(k − k′) and [ak, ak′ ] = 0. Introducing the detec-
tor’s form factor via the Fourier transform of the spatial
smearing
F˜ (k, t) =
∫
R3
d3x a(t)3F (x, t)eik·x = e−
σ2k2
4a(t)2 , (15)
Eq. (13) can be written as
HI,ν = λνχν(t)µν(t)
∫
d3k F˜ (k, t)
(
akuk[xν , η(t)]
+ a†ku
∗
k[xν , η(t)]
)
. (16)
For simplicity, we will consider that both detectors are
suddenly switched on and off, so the switching functions
are given by
χν(t) =
{
1, t ∈ [Tiν , Tfν ],
0, t 6∈ [Tiν , Tfν ]. (17)
As anticipated, the typical divergences present in the case
of a point-like detector with sudden switching are avoided
here due to the fact that our detectors have a finite spatial
size [49–51].
5C. Evolved state of the detectors
At initial time T0, we consider the test field φ to be
in the adiabatic vacuum state |0〉 and both detectors to
be in arbitrary uncorrelated states, ρ0,A and ρ0,B . The
initial density matrix of the coupled system detectors-
field is therefore
ρ0 = ρ0,A ⊗ ρ0,B ⊗ |0〉 〈0| . (18)
After some time T , the evolved density matrix will be
ρT = Uρ0U
†, (19)
where
U = T exp
[
−i
∫ T
T0
dtHI(t)
]
(20)
is the evolution operator generated by the time-
dependent Hamiltonian HI = HI,A + HI,B of the two
detectors given in Eq. (16). Here T denotes time-ordered
exponential.
We can compute the density matrix ρT using perturba-
tion theory for the evolution operator U , as long as the
coupling strengths λν are small enough. Up to second
order in the perturbative expansion, we have
U = 1 + U (1) + U (2) +O(λ3ν), (21)
where
U (1) = −i
∫ T
T0
dt1HI(t1), (22)
U (2) = −
∫ T
T0
dt1
∫ t1
T0
dt2HI(t1)HI(t2). (23)
The perturbative expansion of the time-evolved density
matrix then reads
ρT = ρ0 + ρ
(1)
T + ρ
(2)
T +O(λ
3
ν), (24)
with
ρ
(1)
T = U
(1)ρ0 + ρ0U
(1)†, (25)
ρ
(2)
T = U
(2)ρ0 + ρ0U
(2)† + U (1)ρ0U (1)†.
The partial density matrix of the sub-system AB
formed by the two detectors is obtained by tracing out
the field degrees of freedom,
ρT,AB = trφ(ρT ) ' trφ(ρ0 + ρ(1)T + ρ(2)T ) = trφ(ρ0 + ρ(2)T ).
(26)
Let us note that trφ(ρ
(1)
T ) = 0 since ρ
(1)
T only contains
non-diagonal terms in the field. Hence, at first order
in perturbation theory the partial density matrix ρT,AB
does not evolve, and we need to go at least to second
order.
The terms in ρ
(2)
T are given by
U (1)ρ0U
(1)† =
∫ T
T0
dt1
∫ T
T0
dt2HI(t1)ρ0HI(t2),
U (2)ρ0 = −
∫ T
T0
dt1
∫ t1
T0
dt2HI(t1)HI(t2)ρ0. (27)
Once ρT,AB has been obtained, to get Alice and Bob
detectors’ final density matrices, ρT,A and ρT,B , we trace
out B and A respectively from (26):
ρT,A = trB(ρT,AB), ρT,B = trA(ρT,AB). (28)
D. A particular example of time evolution:
Conformal coupling
Notice that our study will not be limited to confor-
mally coupled fields. In fact we will also pay special at-
tention to the minimal coupling scenario since that is the
setup that allows for the violations of the Strong Huy-
gens principle, and then for timelike communication [37].
However, for illustration, let us compute the explicit ex-
pressions of ρT,AB , ρT,A, and ρT,B for the simple case of
the conformally coupled field quantized in the conformal
vacuum, that we will later use for the study of generalized
correlations and mutual information.
We write the density matrix of the system AB in the
form
ρT,AB = ρ0,AB + ρ
1
AB + ρ
2
AB + (ρ
2
AB)
†, (29)
where the superindices 1, 2 on the rhs of (29) indicate
that the terms originate from U (1)ρ0U
(1)† or U (2)ρ0 in
(25) respectively. After some calculations, we obtain the
following explicit result,
ρ0,AB = ρ0,A ⊗ ρ0,B , (30)
ρ1AB =
∑
,δ
[
M ,δA (σ
δ
Aρ0,Aσ

A)⊗ ρ0,B
+M ,δB,A(σ
δ
Aρ0,A)⊗ (ρ0,BσB)
+M ,δA,B(ρ0,Aσ

A)⊗ (σδBρ0,B)
+M ,δB ρ0,A ⊗ (σδBρ0,BσB)
]
, (31)
ρ2AB = −
∑
,δ
[
N ,δA [σ

Aσ
δ
Aρ0,A]⊗ ρ0,B
+N ,δB ρ0,A ⊗ [σBσδBρ0,B ]
+M ,δB,A(σ
δ
Aρ0,A)⊗ (σBρ0,B)
]
. (32)
where we have made use of the fact that the support of
χB(η) is in the strict future of the support of χA(η). In
the expressions above we have introduced the following
6integrals:
M ,δν =
2λ2ν
(2piσ)2
×
∫ ηfν
ηiν
dη1e
iΩνt(η1)
∫ ηfν
ηiν
dη2e
iδΩνt(η2) J(η1, η2),
(33)
N ,δν =
2λ2ν
(2piσ)2
×
∫ ηfν
ηiν
dη1e
iΩνt(η1)
∫ η1
ηiν
dη2e
iδΩνt(η2) J(η1, η2),
(34)
M ,δν1,ν2 =
λν1λν2
(2pi)2R
√
pi
2σ
×
∫ ηfν1
ηiν1
dη1e
iΩνt(η1)
∫ ηfν2
ηiν2
dη2e
iδΩνt(η2) K(η1, η2),
(35)
where  and δ are either plus or minus; we have already
used Eq. (17) to set the integration limits; we have de-
noted ηiν ≡ η(Tiν), ηfν ≡ η(Tfν), and R ≡ ‖xA − xB‖.
The functions J and K in the integrands of Eqs. (33–35)
are given by
J(η1, η2) = b(η1, η2) + i
√
pi
σ
(η2 − η1)b(η1, η2)3/2
× e− (η2−η1)
2b(η1,η2)
σ2
[
1 + erf
(
i
(η2 − η1)
√
b(η1, η2)
σ
)]
,
(36)
K(η1, η2) = i
√
b(η1, η2)e
−[f+(η1,η2)]2
{
erf [if+(η1, η2)]
− 1 + e 4(η2−η1)Rb(η1,η2)σ2
[
1− erf [if−(η1, η2)]
]}
, (37)
where
b(η1, η2) =
a(η1)
2a(η2)
2
a(η1)2 + a(η2)2
, (38)
f±(η1, η2) =
(R± η2 ∓ η1)
√
b(η1, η2)
σ
, (39)
and erf(z) denotes the error function [52].
We now have all the ingredients needed to compute the
partial density matrices ρT,AB , ρT,A and ρT,B .
III. SIGNALING ESTIMATOR AND CHANNEL
CAPACITY
We are going to quantify the amount of information
that the early observer Alice sends to the later observer
Bob using the quantum field and local interactions with
it through particle detectors. We will start by com-
puting the signaling estimator S defined in [17]. This
estimator measures how the interaction of A with the
field influences the excitation probability of B. Let
|ψ0,ν〉 = αν |eν〉+ βν |gν〉 be the initial state of the detec-
tor ν. Adopting the basis
|eν〉 =
(
1
0
)
, |gν〉 =
(
0
1
)
, (40)
then the excitation probability of B is given by the first
component of the evolved partial density matrix ρT,B . In
consequence, the estimator S is the contribution to that
component that is proportional to λAλB , and it is given
by
S = λAλBS2 +O(λ4ν), (41)
where
S2 =4
∫
dv
∫
dv′χA(t)χB(t′)Re(α∗AβAe
iΩAt)F (x− xA, t)
×F (x′ − xB , t′)Re
(
α∗BβBe
iΩBt
′〈[
φ(x, t), φ(x′, t′)
]〉)
,
(42)
and dv = a(t)3 d3x dt is the FRW volume element. This
expression is an extension for smeared detectors of the
corresponding expression derived in [16, 17]. The au-
thors of [16, 17] derived it by computing the second or-
der perturbative correction to the transition probability
of Bob’s detector and then isolating the λAλB contribu-
tions, which are the leading order contributions to that
probability that depend on the presence of Alice. Re-
markably, combining the contributions O(λAλB) from
both the U (1)ρ0U
(1)† and the U (2)ρ0 terms in (25), the
expression for S, at leading order, depends on the field
only through the expectation value of the field commu-
tator. Since this commutator is a c-number, the result is
independent of the quantum state of the field, which is
therefore irrelevant for the results of this section.
We are not going to focus only on communication sce-
narios where the light signals emitted by Alice reach
Bob, but also on cases when Alice and Bob remain time-
like connected, which constitute the novel communica-
tion modality first reported in [17]. In particular, when
Alice and Bob are not lightlike connected, Alice encodes
her message in the quantum fluctuations of the vacuum
by switching on her detector A at TiA and turning it
off at a later time TfA. Bob receives Alice’s message by
probing the quantum fluctuations of the field. In order
to do that, he will switch on his detector B at a time
TiB > TfA and turn it off at TfB > TiB .
To this end we will compute a lower bound to the ca-
pacity of a communication channel between Alice and
Bob. We define a simple communication protocol: Al-
ice encodes “1” by coupling her detector A to the field,
and “0” by not coupling it. Later, Bob switches on his
detector B and measures its state. If B is excited, Bob in-
terprets a “1”, and a “0” otherwise. As discussed in [17],
this communication channel constitutes a binary asym-
metric channel between Alice and Bob. These channels
7have the following Shannon capacity [53]
C =
−q h(p) + p h(q)
q − p + log2
(
1 + 2
h(p)−h(q)
q−p
)
, (43)
where h(x) = −x log2(x)− (1−x) log2(1−x), and p and
q are the conditional probabilities of Bob registering a
“1” if Alice encoded either a “1” or a “0”, respectively.
The difference between p and q is precisely the signaling
term S = p− q.
The capacity of this binary asymmetric channel (i.e.,
the number of bits per use of the channel that Alice trans-
mits to Bob with this protocol) was proven to be non-zero
[17], regardless of the level of noise (within perturbation
theory). The leading order contribution to this capacity
is given by
C ' λ2Aλ2B
2
ln 2
(
S2
4|αB ||βB |
)2
+O(λ6ν). (44)
In order to compute both S and C, let us first study
the form of the field commutator in Eq. (42) for the
cosmological spacetime (1), both for the conformal and
minimal couplings of the massless scalar field to the ge-
ometry.
A. Field commutator
We can obtain the commutator from the advanced and
retarded Green functions, G− and G+ respectively,〈[
φ(x), φ(x′)
]〉
= i
G−(x, x′)−G+(x, x′)
4pi
, (45)
with x = (x, η). Here, G±(x, x′) are solutions of the wave
equation with a point-like source
(2− ξR)G±(x, x′) = − 4pi
a(η)4
δ(η − η′)δ3(x− x′), (46)
where R and 2 have been defined in Eqs. (9) and (10).
To compute G±(x, x′) it is useful to rescale them,
G±(x, x′) =
g±(x, x′)
a(η)a(η′)
, (47)
and to introduce the function gˆ via Fourier transform:
g±(x, x′) = ±θ(±η ∓ η
′)
(2pi)3
∫
dk eik(x−x
′) gˆ(η, η′, k)
= ±θ(±η ∓ η
′)
2pi2R
∫ ∞
0
dk k sin(kR)gˆ(η, η′, k),
(48)
where R = ‖x− x′‖. Then gˆ(η, η′, k) is a solution of the
ordinary differential equation(
d2
dη2
+ k2 − (1− 6ξ)α
2 − 1/4
η2
)
gˆ(η, η′, k) = 0, (49)
with boundary conditions
gˆ(η = η′, k) = 0,
dgˆ
dη
(η = η′, k) = 4pi, (50)
where α is defined as an auxiliary function of the pa-
rameter w, α = |(3− 3w)/(6w + 2)|. Note that in the
second line of Eq. (48), we have integrated the angular
dependence taking into account that gˆ only depends on
k through its modulus.
1. Conformal coupling
In this case, ξ = 1/6, and the above differential equa-
tion is straightforward to solve. Indeed, this case ex-
hibits conformal invariance and the solution is simply
given by a linear combination of plane waves in the con-
formal time η,
gˆ(η, η′, k) = 2pii
[
e−ik(η−η
′) − eik(η−η′)
]
. (51)
In consequence we get g±(x, x′) = δ(η − η′ ∓ R)/R, and
therefore the commutator reads〈[
φ(x, t), φ(x′, t′)
]〉
=
i
4pi
δ(∆η +R)− δ(∆η −R)
a(t)a(t′)R
,
(52)
where ∆η = η(t)−η(t′). This commutator is the same as
in Minkowski spacetime, except for overall conformal fac-
tors, and vanishes if the events (x, t) and (x′, t′) are not
lightlike connected. Hence, there is no violation of the
strong Huygens principle [29]: Communication is only
possible strictly on the light cone.
2. Minimal coupling
In this case, ξ = 0, and the differential equation (49)
has the linearly independent solutions
gˆα1(η, η
′, k) =
√
|η|Jα(k|η|), (53)
gˆα2(η, η
′, k) =
√
|η|Yα(k|η|), (54)
where Jα and Yα denote respectively the Bessel functions
of first and second kind [52]. The solution gˆα(η, η
′, k),
where we explicitly denote the dependence on α, will be
given by a linear combination of gˆα1 and gˆα2 with η
′-
dependent coefficients such that the conditions (50) are
verified. The result is
gˆα(η, η
′, k) =
√∣∣∣∣ ηη′
∣∣∣∣sgn(η′)[GJYα (η, η′, k) + GY Jα (η, η′, k)],
(55)
with sgn being the sign function,
GJYα (η, η′, k) =
Jα(k|η|)Yα(k|η′|)
Yα(k|η′|)LJα(k|η′|)− Jα(k|η′|)LYα (k|η′|)
,
8LJα(k|η|) = Jα−1(k|η|)− Jα+1(k|η|), (56)
and GY Jα and LYα are defined analogously exchanging the
Bessel functions Jα and Yα. The commutator in (45) is
thus given by
〈[
φ(x, t), φ(x′, t′)
]〉
= i
θ(−∆η)− θ(∆η)
pi2a(t)a(t′)R
(57)
×
∫ ∞
0
dk sin(kR)gˆα
(
η(t), η(t′), k
)
.
In general the above integral has no analytical solution.
However, when the combination α2 − 1/4 in Eq. (49)
equals 2, namely α = 3/2, the solutions to that equation
are trigonometric functions and the integral can be ana-
lytically computed. This happens for matter dominated
(w = 0) and cosmological constant dominated (w = −1)
universes. Explicitly, in those cases we find that
J3/2(k|η|) =
√
2
pik|η|
[
− cos(kη) + sin(kη)
kη
]
, (58)
Y3/2(k|η|) =
√
2
pik|η|
[
− sin(k|η|) + cos(kη)
k|η|
]
, (59)
and then
gˆ3/2(η, η
′, k) =
4pi
k
[(
1 +
1
k2|ηη′|
)
sin[(k(η − η′)]
− η − η
′
k|ηη′| cos[(k(η − η
′)]
]
. (60)
Thus, one obtains
g±(x, x′) =
δ(η − η′ ∓R)
R
+
θ(±η ∓ η′ −R)
|ηη′| , (61)
and therefore [54]
〈[
φ(x, t), φ(x′, t′)
]〉
=
i
4pi
[
δ(∆η +R)− δ(∆η −R)
a(t)a(t′)R
+
θ(−∆η −R)− θ(∆η −R)
a(t)a(t′)|η(t)η(t′)|
]
.
(62)
In comparison with the commutator of the conformal
coupling case (52), this commutator (62) acquires an ex-
tra term that contains the Heaviside θ-function. As a
consequence, the commutator is not confined to the light
cone but has support in its timelike interior, and there-
fore gives a non-vanishing contribution to the signaling
estimator S even when the events (x, t) and (x′, t′) are
timelike separated. This is the explicit realization of the
violation of the strong Huygens principle. Let us also
note that, while the δ-term confined to the light cone
decays as the comoving distance R increases, the contri-
bution of the commutator inside the light cone does not
decay at all with that separation. It does decay though
with the conformal time. Notice that the expression (62)
is not covariant since the fields are already evaluated on
the worldlines of the detectors.
The above results about the violation of the strong
Huygens principle, and about the decay with the comov-
ing distance of the term inducing the violation, have been
obtained for the cases α = 3/2 (matter dominated and
cosmological constant dominated universe). Neverthe-
less, generically we would arrive to similar conclusions,
as the general expression (57) will be confined on the
light cone only in rare situations. This happens for a
radiation dominated universe (w = 1/3), since in this
case the last term in Eq.(49) vanishes and then we have
conformal invariance. Moreover, even though in general
the term violating the strong Huygens principle would
decay with the comoving distance R (in this respect the
cases w = 0,−1 are very particular), we expect this decay
to be slower than that of the term with support strictly
on the light cone. We also note that in the case of a
universe dominated by cosmological constant, a massive
scalar field minimally coupled to the geometry and with
mass m =
√
2|Λ| would not violate the strong Huygens
principle, as in that case the mass term compensates the
curvature term ξR = 2|Λ| in the wave equation.
IV. COMMUNICATION THROUGH THE
HUYGENS CHANNEL IN THE STANDARD
COSMOLOGICAL MODEL
For a matter dominated universe w = 0, the scale fac-
tor and the conformal time as functions of the comoving
time t ∈ [0,∞) are given by [see Eq. (3)]
a(t) = (9κt2)1/3, η(t) =
(
3t
κ
)1/3
. (63)
Here κ = 2piGβ/3 where, recall, β = ρa3 is constant.
In turn, for the cosmological constant case (w = −1),
t ∈ (−∞,∞) and
a(t) = κ˜e
√
|Λ|t, η(t) = − 1√|Λ|κ˜ e−
√
|Λ|t, (64)
κ˜ being an integration constant.
In order to compute the signaling estimator S, given
in (41)-(42), for either a matter dominated universe or a
cosmological constant dominated universe, we make use
of either (63) or (64) respectively to obtain the explicit
expression of the commutator, given in Eq. (52) for the
case of the conformal coupling, and in Eq. (62) for the
minimal coupling case. The considered switching strat-
egy for the detectors is illustrated in Fig. 1.
Let us first make the following observation: Even
though the probability of excitation of a sharply switched
pointlike detector is UV divergent [55], we see that the
signaling estimator is UV-safe in the pointlike detector
limit (σ → 0), even considering sharp switching. Hence,
9A B
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t
TiA TfA TiB TfB
FIG. 1. Detector’s switching strategy for the standard cos-
mological model, using as example the case w = 0: Alice’s de-
tector interacts with the field in the interval [TiA, TfA], while
Bob’s detector is turned on at a later time during the interval
[TiB , TfB ].
since the pointlike limit is distributionally well behaved,
for simplicity we will evaluate the signaling estimator
in this limit, taking the abrupt switching function of
Eq. (17).
In this case, Eq. (41) reduces to
S2 =4
∫
dt
∫
dt′χA(t)χB(t′)Re(α∗AβAe
iΩAt)
× Re
(
α∗BβBe
iΩBt
′〈[
φ(xA, t), φ(xB , t
′)
]〉)
. (65)
Taking into account the explicit form of the commu-
tator (62), remembering that the support of the switch-
ing function of A precedes the support of the switching
function of B, and changing the integration variable to
conformal time, Eq. (65) can be recast as
S2 = Sδ + Sθ, (66)
where Sδ and Sθ are respectively the contributions to
(42) coming from the Dirac delta and the Heaviside theta
terms in (62) (note that in the case of the conformal
coupling we have Sθ = 0). They are given by
Sδ = − 1
piR
∫ ∞
−∞
dη2χB(η2)Im(α
∗
BβBe
iΩBt(η2)) (67)
×
∫ ∞
−∞
dη1χA(η1)Re(α
∗
AβAe
iΩAt(η1))δ(η1 − η2 +R)
Sθ = − 1
pi
∫ ∞
−∞
dη2
χB(η2)
|η2| Im(α
∗
BβBe
iΩBt(η2)) (68)
×
∫ ∞
−∞
dη1
χA(η1)
|η1| Re(α
∗
AβAe
iΩAt(η1))θ(η2 − η1 −R).
Expanding the real and imaginary parts of the integrand
in terms of trigonometric functions of Ωνt we obtain
(with j = {δ, θ})
Sj =
1
pi
[
− Re(α∗AβA)Re(αBβ∗B)Isin,cosj
+ Re(α∗AβA)Im(αBβ
∗
B)I
cos,cos
j
+ Im(α∗AβA)Re(αBβ
∗
B)I
sin,sin
j ,
− Im(α∗AβA)Im(αBβ∗B)Icos,sinj
]
, (69)
where we have defined the integrals
Isin,cosδ =
1
R
∫ ηfB
ηiB
dηχA(η −R) sin[ΩBt(η)]
× cos[ΩAt(η −R)], (70)
Isin,cosθ =
∫ ηfB
ηiB
dη2
|η2|θ[min(ηfA, η2 −R)− ηiA]
× sin[ΩBt(η2)]
∫ min(ηfA,η2−R)
ηiA
dη1
|η1| cos[ΩAt(η1)],
(71)
and likewise for other combinations of the sine and cosine
functions. Recall that ηiν = η(Tiν), ηfν = η(Tfν), and
R = ‖xA − xB‖. For detectors with non-zero gap Ων ,
the above integrals do not have closed forms in general,
and we will compute them using numerical methods.
For the case of zero-gap detectors, Ων = 0, Eq. (65)
admits a fully closed expression. The use of gapless de-
tectors can be thought as modeling relevant atomic tran-
sitions between degenerate (or quasi-degenerate) atomic
energy levels, for example, atomic electron spin-flip tran-
sitions. Hence, such particle detectors do exist in nature.
This kind of transitions happen to actually be very well-
modeled by the Unruh-DeWitt model [47]. In this case,
the only non vanishing integrals in (69) are Icos,cosδ and
Icos,cosθ , and actually the cosine functions in them trivial-
ize. Thus, we will call them Iδ and Iθ respectively. The
expression for the signaling estimator becomes
S2 =
1
pi
Re(α∗AβA)Im(αBβ
∗
B)(Iδ + Iθ). (72)
In the same fashion as the gapped case, when we have
conformal coupling there is no contribution to the Iθ
term. The explicit closed form of Iδ, and of Iθ for the
minimal coupling, depends on the causal relations be-
tween Alice’s and Bob’s detectors. Recall that we are
considering that Alice probes the field before Bob, then
the possible configurations are those depicted in Fig. 2
and in Table I.
As anticipated in [37], one can then check that the
results, for the different configurations from 1 to 6 in
Table I, are respectively
Iδ = (z1 − z2)θ
(
z1 − z2
)
, (73)
Iθ =
{
ln
(
ηfA
ηiA
)
ln
(
ηfB
ηiB
)
, case 5,
[L(z1)− L(z2) +N(z1)]θ(z1 − z2), other cases,
where we have defined
L(z) = ln
(
R(z − 1)
ηiA
)
ln (z) + Li2 (1− z) , (74)
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FIG. 2. Different causal relationships between Alice and
Bob’s detectors switching periods. These cases are explicitly
specified in Table I.
TABLE I. Cases of causal relationships between the detectors
A and B
.
Case Conditions
1 ηfB ≤ ηiA +R
2 ηiB < ηiA +R < ηfB ≤ ηfA +R
3 ηiB ≥ ηiA +R, ηfB ≤ ηfA +R
4 ηfB > ηfA +R > ηiB ≥ ηiA +R
5 ηiB ≥ ηfA +R
6 ηiB < ηiA +R, ηfB > ηfA +R
N(z) = ln
(
R(z − 1)
ηiA
)
ln
(ηfB
Rz
)
, (75)
z1 =
min (ηfA +R, ηfB)
R
, z2 =
max (ηiA +R, ηiB)
R
.
(76)
In the above expressions we have introduced the polylog-
arithm function Li2(x) [52].
A. Results
We are now ready to present and discuss the results
for the channel capacity (44), both for conformal and
minimal couplings of the field to the background geome-
try. So far our analysis applies to both matter-dominated
and cosmological-constant dominated universes. Regard-
ing the channel capacity, the difference between these two
cases resides in the different form of the function t(η) [see
(63) and (64)]. Although in both cases this function is
non-trivial, the results will be qualitatively the same, and
we will explicitly compute only one single case. Taking
into account that in the next section we want to carry out
the same analysis but considering the effective dynamics
of LQC, we will particularize the discussion to the matter
dominated universe, which is the one that suffers from a
Big Bang singularity in the standard relativistic dynam-
ics, and develops a bounce in the LQC effective dynamics,
hence allowing us to compare both scenarios.
For all the plots that we are going to show in this paper
we will take the energy density ρ as the scale that sets
our unit system. In particular, and for convenience, we
take units such that 9κ = 1 [see (63)].
The signaling estimator (42) helps us to assess the
ability of Alice to signal Bob, and the channel capacity
(44) provides an estimation of the capacity in bits of the
communication channel established between them, being
non-zero whenever signaling is possible. For the sake of
simplicity, we consider that both detectors are switched
on for the same amount of time, ∆ = TfA − TiA =
TfB − TiB . We have selected their initial state to be
the one that maximizes the channel capacity for the gap-
less case (even though we will not restrict to this case),
i.e.
|αA| = |βA| = 1/
√
2,
arg(αA)− arg(βA) = pi,
arg(αB)− arg(βB) = pi/2. (77)
For the case of conformal coupling, Figs. 3-a and
3-b show the variation of the channel capacity with the
spatial and temporal distance between detectors, respec-
tively, for different values of the detector’s energy gap.
We have set ΩA = ΩB . The five different regions in
these plots correspond to the different causal relation-
ships specified in Fig. 2 and in Table I. As indicated in
Sec. III A 1, signaling is only allowed for lightlike events,
and therefore the channel capacity vanishes when there
is no lightlike connection between the switching periods
of A and B; namely, either when they are spacelike sep-
arated, which happens when the event (xB , TfB) is out-
side the future light-cone of (xA, TiA) (region 1), or when
the switching periods are timelike separated, which hap-
pens when (xB , TiB) is inside the future light-cone of
(xA, TfA) (region 5).
Let us focus for a moment in the variation with the spa-
tial separation R = ‖xA −xB‖, displayed in Fig. 3-a. In
region 5 only timelike connection happens. When events
of A and B start being lightlike connected —the smallest
R for which this happens is such that (xA, TfA) is light-
like connected with (xB , TiB)— the channel capacity in-
creases (region 4), reaching a maximum when (xA, TfA)
and (xB , TfB) become lightlike connected, because for
that configuration all the events of B (while it is switched
on) are lightlike connected with events of the switching
period of A. The decreasing of the channel capacity in
region 3 is in part a consequence of the 1/R factor in (67).
The last point in region 3 corresponds to (xA, TiA) and
(xB , TiB) being lightlike connected. From there onwards
many events of the switching period of B are no longer
lightlike connected with any event of the switching pe-
riod of A and the channel capacity drastically decreases,
until R is so large that the periods when A and B are
switched on are strictly spacelike separated.
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FIG. 3. Conformal coupling case: a) Variation of the chan-
nel capacity with the spatial separation R between detectors.
Here, ∆ = 100, TiA = 5, and TiB = TiA + 5∆. b) Variation
of the channel capacity with the instant TiB when detector
B is switched on. Here, R = 15, ∆ = 100, and TiA = 5. In
these plots R and TiB are displayed in the units given by the
natural unit scale defined by 9κ = 1.
An analogous analysis applies for Fig. 3-b, where now
R is fixed and the causal relations between A and B
depend on their temporal separation, controlled by B’s
switching instant TiB .
Looking now at how the channel capacity behaves as
we change the gap of the detector, we see that it is maxi-
mum for the gapless detector, and it decreases as we open
the gap. This effect is simply due to our choice of initial
state for the detector, given in (77), that precisely maxi-
mizes the channel capacity for the gapless case. Changing
the initial state would allow us to increase the channel
capacity up to a certain value by increasing the energy
gap. For larger values of Ων , we see in Fig. 4 an os-
cillatory behavior of the channel capacity. Namely, the
magnitude of the energy gap modulates the capacity of
the channel.
Let us now turn attention to the minimal coupling
case, for which the behavior of the channel capacity is
displayed in Figs. 5-a and 5-b. We explicitly see the vi-
olation of the strong Huygens principle in region 5, that
occurs owing to the presence of the θ term in (62). This
æ æ æ
æ
æ
æ
æ
æ
æ
æ æ æà à à
à à
à à à
à
à à àì ì ì
ì
ì
ì
ì
ì
ì ì ì ì
C
(×
1
0
−
5
λ
2 A
λ
2 B
)
R
a
5 4 3 2 1→ →
æ
à
ì
Ων∆ = 1
Ων∆ = 2
Ων∆ = 3
5 10 15 20 25
0
0.5
1.0
1.5
2.0
æ
æ
æ
æ
æ
æ
æ æ æ æ æà
à
à
à
à à à à à à àì
ì
ì
ì
ì
ì
ì ì ì ì ì
C
(×
1
0
−
5
λ
2 A
λ
2 B
)
TiB(×102)
b
1 2 3 4 5
æ
à
ì
Ων∆ = 1
Ων∆ = 2
Ων∆ = 3
2 4 6 8 10 12 14 16
0
1
2
3
4
5
6
FIG. 4. Conformal coupling case: a) Variation of the chan-
nel capacity with the spatial separation R between detectors.
Here, ∆ = 100, TiA = 5, and TiB = TiA + 5∆. b) Variation
of the channel capacity with the instant TiB when detector
B is switched on. Here, R = 15, ∆ = 100, and TiA = 5. In
these plots R and TiB are displayed in the units given by the
natural unit scale defined by 9κ = 1.
violation opens the door to a non vanishing channel ca-
pacity also for timelike separated events. Indeed, in re-
gion 5, that corresponds to configurations for which the
switching periods of A and B are exclusively timelike con-
nected, the channel capacity does not vanish, in contrast
to the conformal coupling case. In other words, even if
Bob’s detector is not switched on when the lightlike mes-
sage reaches him, by switching on his detector at latter
times he will still be able to access information that is
kept encoded in the field.
In the other regions, from 1 to 4, the capacity is slightly
different to that in the conformal coupling case, because
now the contribution coming from the θ-term in (62) is
non trivially added to that of the δ-term (note that the
channel capacity is proportional to the square of the sum
of both contributions), which was already present in the
conformal coupling case (52). This δ-term decays with
the distance between A and B. Therefore, the informa-
tion transmitted by ‘rays of light’ becomes negligible for
long spatial distances. In contrast, the θ-term of (62)
does not explicitly decay with R, as we can see in re-
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FIG. 5. Minimal coupling case: a) Variation of the chan-
nel capacity with the spatial separation R between detectors.
Here, ∆ = 100, TiA = 5, and TiB = TiA + 5∆. b) Variation
of the channel capacity with the instant TiB when detector
B is switched on. Here, R = 15, ∆ = 100, and TiA = 5. In
these plots R and TiB are displayed in the units given by the
natural unit scale defined by 9κ = 1.
gion 5 of Fig. 5-a. It decreases though with the time
separation between the Big Bang and the switching of
both A and B. Explicitly, the signaling in region 5 decays
logarithmically, as dictated by (73). Remarkably, this de-
cay is slower than the increase of the volume of Alice’s
light-cone, and therefore it can in principle be compen-
sated by deploying a big enough number of separated B
receivers in the interior of Alice’s future light-cone in a
given time slice. Notice that there could be some en-
tanglement harvesting between these spacelike separated
B receivers [12, 13] correlating their outcomes. Never-
theless, these harvesting correlations can be made small
(e.g. turning down λB while keeping λAλB constant) so
that the B’s become independent users of the channel in
good approximation.
V. THE HUYGENS CHANNEL IN LQC
Once the channel capacity in the standard cosmologi-
cal model is obtained, it is relatively straightforward to
A B
a(t)
t
TiA TfA TiB TfB
FIG. 6. Detectors’ switching strategy in the LQC scenario:
Alice’s detector interacts with the field in the contracting
universe prior to the bounce in the interval [TiA, TfA], with
TiA < TfA < 0, while Bob’s detector is turned on during the
interval [TiB , TfB ] at a later time in the expanding universe
that arises after the bounce, with 0 < TiB < TfB .
obtain the communication capacity of the same protocol
between Alice and Bob in the effective background metric
derived from LQC. This is particularly interesting since
LQC predicts a cosmological bounce instead of the ini-
tial singularity. This allows for the following interesting
scenario: What if Alice couples her detector to the field
in a pre-bounce time and Bob switches on his detector in
a post-bounce era, both far away from the bounce time?
One can think of this scenario with the help of the fol-
lowing cartoon: Imagine an ancient civilization who lived
in a pre-bounce era. This civilization mastered physics
and therefore they know that their fate is to disappear
when, due to the proximity of the bounce, the energy
density of the Universe grows higher than the atomic en-
ergy bound scales. This civilization does not come to
terms with their own disappearance and thus wants to
save their legacy encoding as much information as pos-
sible in the quantum field (that will cross through the
bounce). They want to do so acting on the field by means
of locally coupling particle detectors before the time when
those detectors will no longer hold their atomic coher-
ence. One can wonder whether it is possible, at least in
principle, to quantify how much information can possi-
bly survive the bounce, and more importantly, how much
information could another intelligent species (living in a
post-bounce era) recover from the quantum field using
particle detectors, once the Universe cools down enough
as to allow again for the existence of atoms. The detec-
tors’ switching strategy of this scenario is illustrated in
Fig. 6.
As in the standard cosmological scenario, we will focus
our attention on a matter dominated universe, given by
fixing w = 0 in Eqs. (6)-(7). If both Alice and Bob are
sufficiently far away from the bounce (each of them at
each side of the bounce) the expression of the conformal
time in terms of the comoving time, can be approximated
13
as
η(t) =
(
3
κ
) 1
3
sgn(t)
[
|t| 13 +
√
pi Γ
(− 16)
6(6piGρ?)
1
3 Γ
(
1
3
)] , (78)
where Γ denotes the Gamma function [52]. Contrary to
the general relativistic case, now the sign of η can be
negative. This is well taken into account by means of the
absolute values of η(t) and η(t′) that were included in
the equations of Secs. III and IV in order to make them
directly applicable to this case as well. Note that the
approximation (78) allows us to straightforwardly obtain
the inverse function t(η) needed to compute the signaling
estimator and in turn the channel capacity.
A. Results
As initial state of the detectors we still use the one
specified in (77) that maximizes the channel capacity.
We note that for all the plots regarding the LQC dynam-
ics from now on, we set the LQC scale ρ? = β. For the
conformal coupling case, Figs. 7-a and 7-b show the vari-
ation of the channel capacity with the spatial and tempo-
ral separation of the detectors for different values of the
energy gap. As previously, we have chosen ΩA = ΩB .
The analog plots for the minimal coupling case are dis-
played in Figs. 8-a and 8-b. These plots correspond
to a particular setting, in which the switching periods
of A and B are symmetric with respect to the bounce,
namely we still choose ∆ = TfA − TiA = TfB − TiB but
also TiA = −TfB , as depicted in Fig. 6 . Notice that
this implies |η(TiA)| = |η(TfB)| and |η(TfA)| = |η(TiB)|,
and therefore region 3 just collapses into a point where
the channel capacity is maximum. Indeed, if (xA, TiA)
and (xB , TiB) are lightlike connected, then (xA, TfA) and
(xB , TfB) are also automatically lightlike connected, and
every event of A is lightlike connected with a event of B
and vice versa. On the other hand, in the minimal cou-
pling case, we observe the violation of the strong Huygens
principle in an analogous way as in the general relativis-
tic case, and the same conclusions extracted there apply
here.
VI. MUTUAL INFORMATION
In this section we will use the mutual information to
quantify the total amount of correlations (classical and
quantum) shared by Alice and Bob.
The mutual information of two random variables mea-
sures the mutual dependence between them or, being a
bit more specific, it measures the amount of uncertainty
removed from one of the variables after acquiring a sin-
gle bit of information about the distribution of the other
variable. For the quantum states ρT,A and ρT,B of the
two systems A and B, it is defined as
IAB = S(ρT,A) + S(ρT,B)− S(ρT,AB). (79)
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FIG. 7. Conformal coupling case: a) Variation of the chan-
nel capacity with the spatial separation R between detectors.
Here, ∆ = 100 and −TfA = TiB = 175. b) Variation of
the channel capacity with the instant TiB when detector B is
switched on. Here, R = 30, ∆ = 100, and TfA = −TiB . In
these plots R and TiB are displayed in the units given by the
natural unit scale defined by 9κ = 6piGρ? = 1.
S(ρ) denotes the von Neumann entropy
S(ρ) = −tr(ρ log2 ρ). (80)
Since the entropy can be interpreted as the missing in-
formation about the state, the mutual information can
be thought of as a measure of the degree of correlation
between the detectors A and B.
Contrary to the channel capacity, the mutual informa-
tion between A and B after they have interacted with
the field does not necessarily vanish when A and B are
spacelike separated. This is a well-known phenomenon
known as ‘vacuum correlation harvesting’ (see, e.g. [45])
that can be traced back to the fact that the field vac-
uum contains correlations (classical and quantum) be-
tween spacelike separated regions, which are acquired by
the detectors through their interaction witht he field.
We are going to study the mutual information between
A and B only in the case of a scalar field conformally cou-
pled to the cosmological background. The reason for this
is double: on the one hand it becomes mathematically
simpler to focus on a conformally invariant case. On the
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FIG. 8. Minimal coupling case: a) Variation of the channel ca-
pacity with the spatial separation R between detectors. Here,
∆ = 100, −TfA = TiB = 175. b) Variation of the channel ca-
pacity with the instant TiB when detector B is switched on.
Here, R = 30 and ∆ = 100, and TfA = −TiB . In these plots
R and TiB are displayed in the units given by the natural unit
scale defined by 9κ = 6piGρ? = 1.
other hand, and more importantly, timelike contributions
to the mutual information will be exclusively due to the
phenomenon of correlation harvesting, and will not be af-
fected by contributions coming from the violation of the
strong Huygens principle, because, as we have already
seen, there is no such violation when the coupling is con-
formal.
In Sec. II D we already gave the expressions to com-
pute the partial density matrix ρT,AB of the system
formed by the two detectors A and B, from which we can
in turn compute the partial density matrix of a single de-
tector by tracing out the other detector. In practice, we
have computed the integrals (33)-(35) employing numer-
ical methods, and from them we have obtained ρT,AB as
given in (29). Unlike with the signaling and channel ca-
pacity, the mutual information is not well-defined in the
limit of point-like detectors due to abrupt-switching re-
lated divergences [55], and therefore now we cannot take
that limit in a meaningful way. In order to guarantee
that the violation of causality due to the non-vanishing
size of the detectors can be neglected, we have chosen the
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FIG. 9. Mutual information in the standard cosmological
scenario: a) Variation with the spatial separation R between
detectors. Here, λA = λB = 0.01, σ = 0.5, Ων∆ = 1, ∆ =
100, TiA = 25, and TiB = 500. b) Variation with the instant
TiB when detector B is switched on. Here, λA = λB = 0.01,
σ = 0.5, R = 15, Ων∆ = 1, ∆ = 100, and TiA = 25. In
these plots R and TiB are displayed in the units given by the
natural unit scale defined by 9κ = 1.
width of the detectors σ small enough, as compared to
the separation between the detectors. As it can be seen
in [44], the decay of the causal influence between the
two detectors with Gaussian spatial smearing is overex-
ponentially suppressed with the ratio of σ and the spatial
separation between the center of mass of the detectors.
In the following, we show the results for the mutual in-
formation, for the case of the massless field conformally
coupled to a matter-dominated universe, both adopting
the standard general relativistic dynamics and the effec-
tive dynamics derived from LQC.
For the standard cosmological model, Figs. 9-a and
9-b show, respectively, the behavior of the mutual infor-
mation IAB as a function of the detectors’ relative spatial
distance R, and as a function of the temporal distance,
controlled by the switching instant TiB of detector B.
For simplicity, we have considered that both detectors
are switched on during the same amount of time ∆, and
that initially both detectors are in the ground state. The
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FIG. 10. Mutual information in the effective LQC scenario:
a) Variation with the spatial separation R between detectors.
Here λA = λB = 0.01, σ = 0.5, Ων∆ = 1, ∆ = 100, and
−TfA = TiB = 175. b) Variation with the instant TiB when
detector B is switched on. Here, λA = λB = 0.01, σ = 0.5,
Ων∆ = 1, R = 30, ∆ = 30, and TfA = −TiB . In these plots
R and TiB are displayed in the units given by the natural unit
scale defined by 9κ = 6piGρ? = 1.
energy gap of the detectors is selected such that Ων∆ = 1.
Like in previous sections, the different regions from 1 to 5
refer to the corresponding cases in Table I and in Fig. 2.
As shown in Fig. 9, while the detectors are only timelike
connected (region 5), the mutual information, although
non-vanishing, is small. Then, it rapidly increases as
soon as the switching period of the detector B starts to
be lightlike connected with the switching period of the
detector A (so they can exchange information), reaching
a maximum in region 3, as expected, since this is the opti-
mal configuration in which B is always lightlike separated
with A. Then, in region 4, this quantity decreases, and
as soon as the switching periods of B and A are no longer
causally connected (region 1) it rapidly tends to 0. The
fact that correlations do not vanish when the detectors
are not lightlike connected, and specially when they are
spacelike separated, stems from the already mentioned
fact that the two detectors ‘harvest’ pre-existing vacuum
entanglement and classical correlations [45].
This is also the case for the effective LQC model. For
this scenario, Fig. 10-a and Fig. 10-b depict the varia-
tion of the mutual information as a function of the spatial
and temporal separation of the detectors respectively. As
in Sec. V, we have chosen a configuration that is sym-
metric with respect to the bounce, namely TiA = −TfB ,
with ∆ = TfA − TiA = TfB − TiB . We see correlation
harvesting both in timelike and spatial regions as in the
standard setting.
VII. CONCLUSIONS
We have analyzed the transmission of information from
emitters in the early Universe (or in the pre-bounce era
in the LQC case) and receivers nowadays. We addressed
two relevant questions: 1) In the standard general-
relativity scenario, how much information can be trans-
mitted from the early Universe to nowadays? This ques-
tion was first addressed in [17] and we have broadly gen-
eralized here the results on timelike communication via
violations of the Strong Huygens principle reported in
[37]. 2) In the new Loop Quantum Cosmology scenario
we have investigated how much information is transmit-
ted through a quantum bounce. To do so we focused on
two quantum information quantities: a lower bound for
the channel capacity between emitter and receiver and
the mutual information between them. Using these esti-
mators we have quantified two different phenomena: the
violation of the strong Huygens principle and the phe-
nomenon of harvesting of classical and quantum correla-
tions from the field [45]. Additionally, we have charac-
terized the effect of a finite energy gap in the quantum
emitter and receiver.
The strong Huygens principle is violated when the
propagation is not confined to the lightcone but there
is as well a leakage of information towards timelike re-
gions. This is actually the generic thing to happen, as
the principle holds only for certain situations such as in
Minkowski spacetime or in conformally invariant situa-
tions [26–29], for which the commutator of a massless
field only has support in the lightcone. This violation
of the strong Huygens principle makes the transmission
of information possible not only for lightlike connected
events but also for timelike connected ones, the trans-
mission of information being possible even though the
receiver cannot receive real quanta from the sender. In
these situations, the channel capacity asymptotically de-
creases for increasing values of conformal time, however it
does not decay with the spatial distance between sender
and receiver. This phenomenon was already advanced in
[37] for the particular case of detectors with zero energy
gap. We have seen that, for each value of the gap, the
initial state of the detectors can be adjusted to maximize
the capacity of the communication channel. Remarkably,
we observe that it is also possible to establish a commu-
nication channel in the case the of two detectors located
each on one side of the Big Bounce predicted by Loop
Quantum Cosmology.
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We have also studied the mutual information and com-
puted the total amount of correlations (both classical and
quantum) shared by emitter and the receiver. Comparing
our results with the flat spacetime scenario [45], we see
that the only relevant difference that we observe comes
from the fact that the expanding universe changes the
shape of the time and distance decay of the ability of the
detectors to harvest correlations from the vacuum.
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